A novel cost-effective and acoustic-resonance-free electronic ballast used to drive automotive high intensity discharging (HID) lamps that utilise a constant lamp power control scheme is proposed. The presented ballast is comprised of a buck-boost flyback converter to provide negative DC voltages and a half-bridge-type inverter to supply the lamp with low-frequency, square-wave AC voltage/ current. Owing to its low-frequency operation, no acoustic resonance occurs on the automotive HID lamps. Design guidelines and experimental results are demonstrated for a 35 W automotive HID lamp prototype ballast operating at 400 Hz switching frequency with battery input DC voltage of 12 V.
Introduction: For headlight applications, automotive high intensity discharging (HID) lamps have become more attractive than traditional halogen lamps owing to their low power consumption (35 W HID lamps in contrast with 55 W halogen lamps), high lighting efficiency (larger than 90 lm/W), long lamp-life (approximately 5000 h), and good colour rendering (R a . 95) [1] . The negative-impedance characteristics that occur in the automotive HID lamp necessitate a smaller volume, lighter weight electronic ballast to ignite and supply rated power to the lamp. To effectively solve the problems of acoustic resonances that occur in automotive HID lamps, the electronic ballast should have a low-frequency (usually 300-500 Hz), square-wave operated circuit topology [1, 2] . Previous research [3, 4] suggested that the negative voltage driven electronic ballast is favourable for extending the lamp-life of the automotive HID lamp. The conventional negative voltage driven electronic ballast [3, 4] is composed of a flyback converter to boost up the battery voltage into negatively high DC voltage, and a full-bridge inverter to convert the negative DC voltage to low-frequency square-wave sources to supply the automotive HID lamp. However, due to large levels of leakage inductance, high voltage spikes occur in the flyback converter, and so either a snubber circuit or higher voltage rating power switches are required in the front stage of the conventional ballast. Moreover, the circuit efficiency is low. In response to these challenges, this Letter presents a novel low-frequency (400 Hz), squarewave driven electronic ballast with lower voltage rating power switches and higher efficiency for automotive HID lamps that utilise constant lamp-power control schemes. The proposed ballast is shown to offer stable operation without acoustic resonance. DC-bus voltage to the subsequent inverter stage. The half-bridge inverter, which is formed by two power switches (S 1 and S 2 ) and two capacitors (C dc1 and C dc2 ), supplies low-frequency square-wave sources to the automotive HID lamp. In addition, in comparison with the conventional ballast, there are lower levels of voltage stress on main power switch S b , diode D b , and the output capacitors of the front stage. Power switch S b , with reduced voltage rating, is used to reduce conduction losses, and therefore the overall efficiency is significantly improved. As shown in Fig. 1 , by simultaneously sensing lamp voltage and current and by multiplying respective voltage and current gains into an adder for summations, a DC-level voltage, which comes from the error amplifier with input signals of an output voltage from the adder and a reference voltage V ref , is compared with the reference sawtooth waveform and is then able to determine the pulse-width-modulation (PWM) gate-driving signal of power switch S b in order to realise the constant lamp power control scheme. 
where D is the duty cycle of the buck-boost flyback converter; k is the number of windings in the flyback-type circuit; N b and N 1 are the primary-side and secondary-side turns of the transformer T 1 , respectively; and V battery is the DC voltage of the vehicle battery. As a result, the turns ratio n of transformer T 1 is given by:
Fig . 2 shows the relationship between the turns ratio n and the duty cycle D at different numbers, k, of windings. As seen in Fig. 2 , large values for duty cycle and numbers of windings in the flyback-type sub-circuit yield a small turns ratio. For simplifying circuit components and minimising the volume of transformer T 1 , a k of 2 is preferred. Therefore, along with a V DC -bus of 170 V, a V battery of 12 V and a D of 0.4, the turns ratio n of T 1 is selected to be 5 according to Fig. 2 . 
where R lamp is the lamp equivalent resistor and f s is the switching frequency of the main power switch. With a turns ratio of 10 and a k of 2 as well as an R lamp of 200 V, Fig. 3 shows the relationship between magnetic inductor L m and duty cycle D under different switching frequencies. As seen in Fig. 3 , with a D of 0.4 and an f s of 40 kHz, the magnetic inductor L m is chosen to be 10 mH.
Experimental results: A negative voltage driven prototype ballast that includes the function of constant lamp power control for a 35 W automotive HID lamp is developed. The measured lamp voltage V lamp and current I lamp are shown in Fig. 4 . The RMS values of 400 Hz-operated lamp voltage and current at steady state are 86.2 V and 0.4 A, respectively. Fig. 5 shows a photo of the discharging arc inside the automotive HID lamp tube. As shown, there is no accompanying acoustic resonance, as evidenced by the very straight discharging arc and lack of observable flicker. Moreover, the efficiency of the presented ballast is approximately 92%.
Conclusions:
The proposed ballast with constant lamp power control, combining a buck-boost flyback converter with a half-bridge inverter, is advantageous in terms of having fewer power switches, fewer gatedriving circuits, being cost-effective, and being more efficient than the conventional version. A prototype ballast circuit has been built in order to drive a 35 W automotive HID lamp from 12 V DC battery voltage. The experimental results have demonstrated a low-frequency, square-wave driven electronic ballast that is free of acoustic resonance, thus verifying the functionality of the proposed circuit. 
